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Abstract
The most common motif in uranium chemistry is the d 0 f 0 uranyl ion [UO 2 ] 2+ in which the oxo groups are rigorously linear and inert. Alternative geometries, such as the cis-uranyl have been identified theoretically and implicated in oxo-atom transfer reactions that are relevant to environmental speciation and nuclear waste remediation. Single electron reduction is now known to impart greater oxo-group reactivity, but with retention of the linear OUO motif, and reactions of the oxo groups to form new covalent bonds remain rare. Here we describe the synthesis, structure, reactivity, and magnetic properties of a binuclear uranium oxo complex. Formed through a combination of reduction and oxo-silylation and migration from a trans to a cis-position, the new butterfly-shaped Si-OUO 2 UO-Si molecule shows remarkably strong U V -U V coupling and chemical inertness, suggesting that this rearranged uranium oxo motif might exist for other actinide species in the environment, and have relevance to the aggregation of actinide oxide clusters.
Main text
The linear uranyl dication [O=U=O] 2+ is present in the majority of known uranium compounds. It contains strongly covalently bound, rigorously axial oxo groups that exhibit almost no chemistry 1 .
Like its heavier, highly radioactive neptunyl and plutonyl congeners, the singly-reduced pentavalent uranyl cation [O=U=O] + retains the linear, strongly covalent metal dioxo core, but exhibits an enhanced oxo basicity [2] [3] [4] . This results in the formation of cation-cation clusters through the coordination of the oxo groups to other uranyl centres 5 and causes unwanted precipitation in nuclear waste processing streams 6 . The enhanced oxo-basicity also facilitates electron transfer between U V cations in disproportionation reactions, allowing the desirable removal of uranium from groundwater as insoluble U IV salts 7 . The pentavalent uranyl cation, [UO 2 ] + 2,8 is unstable in water and so has been hard to study, but recent investigations under anaerobic conditions have allowed both T-shaped and diamond-shaped cation-cation interactions (CCIs) in [UO 2 ] + complexes to be stabilised 9, 10 , and have also allowed the coordination of other metal cations by the uranyl oxo groups.
We reported previously the syntheses of Pacman-shaped mono-uranyl complexes of the Schiff-base . We attributed our inability to coordinate a second uranyl group in the vacant N 4 -donor pocket to the lack of space remaining in the macrocyclic cleft for another trans-dioxo group 11 . However, the presence of this compartment allowed us to make a variety of heterobimetallic complexes by substitution of the remaining two acidic hydrogens with d-and 4f-metals with no axial ligand requirements 12, 13 .
Furthermore, we demonstrated that potassium or lithium base activation of the uranyl oxo groups promoted unprecedented UO-Si and UO-H bond forming reactions [14] [15] [16] . Outside of these examples, the formation of covalent oxygen-element bonds in uranyl chemistry remains restricted to a few discrete silyl complexes 17, 18 .
In contrast to the ubiquitous trans-arrangement of the uranyl oxo groups, the cis-motif presents a fascinating synthetic target which is as yet unseen in any experimental uranium chemistry 19, 20 . The
cis-isomer appears to play a particularly important role in ligand exchange processes between uranium centres in uranyl hydroxides and aquo complexes [21] [22] [23] [24] [25] , species that are prevalent in high pH nuclear wastes [26] [27] [28] . In acid solutions, both T-shaped tris(oxo) and cis-uranyl geometries have been invoked as intermediates in proton transfer reactions that lead to uranyl oxo-group exchange, a process which remains poorly-understood [29] [30] [31] [32] . Also, uranium lies directly below the Group 6 transition metals whose dioxo complexes are widespread in both enzymatic and industrial oxidation catalysis 33 
Results and Discussion

Synthesis of reductively silylated binuclear uranium-oxo complexes
Reactions between pyridine solutions of the mono(uranyl) Pacman complex 1 and 1. 2 ] also generated 2a (37 %) and reactions in the absence of pyridine (THF solvent) also generated 2a, albeit at a much slower rate. ; these data support the assignment of the pentavalent oxidation state.
A single crystal X-ray diffraction study on 2a (crystals grown from pyridine solution) shows a new structural type in uranium oxo chemistry with a butterfly-type core geometry ( Figure 2 , see Figure   SI .23 for 2b). Interestingly, it is similar to that predicted by Schreckenbach and co-workers in a recent computational study as being energetically accessible for two U VI uranyl ions in the Pacman macrocycle 34, 35 , and is notable in that the normally robust trans-uranyl geometry has been lost on the formation of the U 2 O 4 core. Whilst the majority of singly reduced uranyl complexes show interaction of one or both oxo groups with another metal cation, this is the first case in which the same ylderived-oxo group is shared by two uranium centres in a mutually trans geometry, as a result of the migration of one oxo group to a mutually cis-position. Electronic structure analysis of 2a
Analysis of the bonding in the U 2 O 4 core of 2a was undertaken using density functional theory (DFT) and natural bond order (NBO) calculations. Single point calculations in a pyridine solvent continuum were carried out on a molecule of 2a whose geometry had been optimised in the gas phase (see SI).
Three possible arrangements of the two uranium-centred f-electrons were considered: triplet endo-oxo 2p, 5% U-5f and 6 % U-6d; (d) β-HOMO-28, with energy of -0.334 a.u. and contributions of 37 % cis-oxo 2p, 9 % endo-oxo 2p, 5 % U-5f and 5 % U-6d. These orbitals depict the weaker π-type interaction across the U 2 O 2 core. (e) HOMO-145 (bonding with respect to the two U atoms) with an energy of -1.094 a.u. and (f), the antibonding counterpart to HOMO-145, both predominantly U5f, with very minor components from the O 2s orbitals.
The combined structural and computational data show that the butterfly U 2 O 4 Si 2 motif can be formulated as singly bonded uranium oxo and siloxide groups combined with a significant π-bonding contribution from the cis-oxo group. Formally, this has resulted from the rearrangement of two linear, pentavalent actinyls into a new bonding mode for uranium in which one oxo group is shared and trans-and one has adopted a cis-position.
The diamond U 2 O 2 geometry adopted in 2a has been observed in related Group 6 chemistry. Allied with the proximate uranium cations in 2a, the unusual properties of the 5f orbitals make actinide ions attractive building blocks for new nanomagnetic materials, but the fundamental understanding of the factors that govern the exchange interactions and electron delocalisation are poorly understood, a factor exacerbated by the rarity of 5f 1 dimers which are the easiest to study. 42 A variable temperature study of the magnetism of 2a (Figure 4) shows Curie-Weiss behaviour down to for a single U f 1 ion (μ eff = 2.54 μ B /U ion in the L-S coupling scheme). This reduction can be attributed neither to room-temperature antiferromagnetic coupling, nor to an orbital contribution from metalligand covalency (the latter argument for this observation having been disputed previously), 43 
Mechanistic insight into the formation of 2
The low yields of 2 and lack of obvious reducing agent in the synthetic procedure led us to investigate reactions at lower temperatures ( Figure 5 ). It is clear from these investigations that two competing reactions occur, one at lower temperature that involves metallation of the uranyl oxo, and one at can undergo S N 2-type homolytic bond cleavage reactions with aminosilanes. 44, 45 While a detailed evaluation of the mechanism of formation of 2 is ongoing, the observations described above suggest that two competing, reductive pathways occur that involve either U-N or N-Si bond homolysis (for a speculative mechanism see Figure SI . 19) . The nature of the bridging groups that form 3 is unclear,
although the presence of OH groups is implicit to this mechanism and would facilitate aggregation 16 .
It is likely that initial single-electron reduction of 1 occurs on addition of uranyl silylamide with concomitant loss of aminyl radical (i.e. homolytic U-N scission), and that further uranyl silylamide is required to promote subsequent reduction and silylation reactions (i.e. N-Si homolysis). We have seen similar reduction chemistry during the formation of lanthanide-incorporated pentavalent uranyl complexes 12 , and coordination of a Lewis acid to the uranyl oxo group can facilitate reduction. 15, 46 Unfortunately, our efforts to probe the nature of the radical species in these reactions have as yet proved inconclusive. 
Reactivity of 2
Conclusions
We have shown that the facile rearrangement of a trans-uranyl oxo into a mutually cis-position between two high-oxidation state uranium ions occurs on reduction so forming a new butterfly-shaped uranium oxo motif with remarkable stability and strong U-U electronic coupling. The formation of this f 1 -f 1 motif is possibly facilitated by the rigid constraints of the macrocyclic framework that disfavour the complexation of two linear uranyl cations. However, due to the redox stability exhibited by this compound, it is of interest to consider whether this motif has been perhaps overlooked in favour of its linear congener in actinyl chemistry outside the laboratory.
The mechanisms of the two competing pathways to 2 and 3 are as yet unknown. It remains unclear how the reduction and silylation processes occur, although the reactions of 3 and the isolation of 4
implies that the interaction of the extra half equivalent of uranyl silylamide with the U 2 O 4 (L) core is requisite. Further investigation into the mechanism is required to determine to what extent this work bears relevance to the proton, electron transfer and oxo group exchange reactions that occur in aqueous uranyl systems, and if it is possible to draw analogies to transition metal oxo chemistry.
The extremely short U-U separation, magnetic coupling, and broken-symmetry singlet ground state exhibited by 2a evidence strong communication between the two f 1 centres 41 and suggest that the precise details of the electronic and magnetic structure will be of widespread interest.
Methods summary
Working under a dry, oxygen-free dinitrogen atmosphere, with reagents dissolved or suspended in aprotic solvents, and combined or isolated using cannula and glove box techniques, we heated group. All compounds were characterised by a variety of methods, including elemental analysis, FTIR spectroscopy, magnetic moment measurements, mass spectrometry, NMR spectroscopy, and single crystal X-ray diffraction studies.
The geometry of 2a was optimised in the gas phase using DFT calculations in three different spin states: antiferromagnetic broken-symmetry singlet, restricted singlet, and ferromagnetic triplet states.
Single point DFT calculations in a model pyridine solvent were carried out on the optimised structures by employing a polarisable continuum solvation model. The uranium atom was described with the Stuttgart relativistic pseudopotential 46, 47 while all other atoms were described with the 6-31G** basis set. Single point calculations were carried out with the 6-311++G** basis to check for the basis set dependency of the relative energies of the three electronic states considered. These calculations were performed with the Gaussian 03 suite of programs 48 . The molecular orbitals obtained are plotted with isosurface contours of 0.02. Scalar relativistic calculations with all-electron basis sets using a fourcomponent approach were also carried out with the Priroda program 49, 50 . The PBE functional was employed in these calculations while using a triple-ζ (cc-pVTZ) basis set. The small-component portion was described using appropriate kinetically balanced basis sets. Mayer bond orders were calculated after the geometry optimization.
